Environmental Coupling and Population Dynamics in the PE545 Light-Harvesting Complex  by Aghtar, Mortaza et al.
604a Wednesday, February 11, 2015diffusion of excess protons along the phosphatidylcholine lipid bilayer/water
interface at different temperatures. The kinetics of proton arrival from a distant
spot of proton release to lipid-anchored fluorescent pH-sensitive dyes indicated
that the in vitro Gibbs activation energy DGz for proton surface-to-bulk release
harbours only a minor enthalpic constituent. We observed that more than 2/3 of
DGz are entropic in origin, which explains the high proton affinity to mem-
branes in the absence of a potent proton acceptor. This work was supported
by Grant P25981 from the Austrian Science Fund (FWF) to P.P.
1. Springer, A., Hagen, V., Cherepanov, D.A., Antonenko, Y.N., and Pohl, P.
(2011). Protons migrate along interfacial water without significant contribu-
tions from jumps between ionizable groups on the membrane surface. Proc.
Natl. Acad. Sci. U. S. A. 108, 14461-14466.
2. Zhang, C., Knyazev, D.G., Vereshaga, Y.A., Ippoliti, E., Nguyen, T.H.,
Carloni, P., and Pohl, P. (2012). Water at hydrophobic interfaces delays proton
surface-to-bulk transfer and provides a pathway for lateral proton diffusion.
Proc. Natl. Acad. Sci. U. S. A. 109, 9744-9749.
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The influenza M2 protein is known to shuttle protons into the virion, facilitating
replication and maturation. Histidine 37 is thought to provide ‘‘shuttling’’ ac-
tivity to those protons, but the protonation states of the four His37 residues
in the tetrameric channel has not been definitively established. We use Raman
spectroscopy to collect the frequency of a C2-D probe group on His-37 in an
isotopically labeled version of the M2 transmembrane peptide. The C2-D fre-
quency reports directly on the protonation state of selected His residues in a
way that other experiments cannot. The data are used to identify His37 proton-
ation states in various pH conditions and to report directly on the activity and
dynamics of His37 with protons and water in its local environment.
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We present a numerical study of the effect of the laser spot size of a circularly
polarized laser beam on the energy of quasi-monoenergetic protons suitable for
particle cancer therapy in laser proton acceleration using a thin carbon-
hydrogen foil. The energy dosage distributions of impinging the generated pro-
ton beams into human tissues are also simulated, compared and analyzed. The
used proton acceleration scheme is a combination of laser radiation pressure
and shielded Coulomb repulsion due to the carbon ions. We observe that the
spot size plays a crucial role in determining the net charge of the electron-
shielded carbon ion foil and consequently the efficiency of proton acceleration.
Using a laser pulse with fixed input energy and pulse length impinging on a
carbon-hydrogen foil, a laser beam with smaller spot sizes can generate higher
energy but fewer quasi-monoenergetic protons. We studied the scaling of the
proton energy with respect to the laser spot size and obtained an optimal
spot size for maximum proton energy flux. Using the optimal spot size, we
can generate an 80 MeV quasi-monoenergetic proton beam containing more
than a hundred million protons using a laser beam with power 250 TW and en-
ergy 10 J and a target made of 90% carbon and 10% hydrogen, capable of treat-
ing tumor cells with depth up to 5 cm in human bodies.
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Using femtosecond transient absorption spectroscopy , we have characterized
flavin 1,N6 - ethenoadenine dinucleotide (ε-FAD), an analog of flavin adenine
dinucleotide (FAD), to understand the role of adenine in the photoinduced elec-
tron transfer (PET) reaction between reduced FAD (*FADH-) and thymine di-
mers during its repair in DNA photolyase. The adenine in FAD may serve as a
virtual or real intermediate in the PET reaction. ε-FAD was used to modify the
driving force between the adenine and its partners, providing data on parame-
ters and processes that dictate the kinetics and pathways of electron transport.
The neutral oxidized and the fully reduced anionic states of ε-FAD, FAD, and
flavin mononucleotide (FMN) in free solution exhibited multi-exponential
decay kinetics that reflect their excited state quenching pathways and possibleconformational heterogeneity. Generally, the introduction of the ε-Ade group
leads to much faster excited state decay in the reduced state. To investigate
this further, the evolution of the excited state was probed in the visible, near-
UV, and UVB spectral regions to determine whether PET was responsible
for the short-lived excited state. The significance of these results to the role
of the FAD adenine in DNA photolyase are discussed.
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TheType I photosynthetic reaction center, Photosystem I, is an exquisitely tuned
protein complex comprised of multiple polypeptide subunits and protein-bound
electron-transfer (ET) cofactors. Upon illumination, the special chlorophylls,
P700, are photoexcited which results in the rapid formation of the charge-
separated state, P700
þA0
-. In order to prevent charge recombination, the electron
is transferred to the phylloquinone cofactor, A1, and subsequently to three four
iron-four sulfur [4Fe4S] clusters, FA, FB, and FX, respectively. Through the ET
reactions of PSI, the reducing equivalents that are required for the carbonfixation
reactions are generated and stored as NADPH or ‘biohydrogen’. The PSI reac-
tion center displays pseudo-C2 symmetry, such that the ET cofactors, A0 and
A1, are duplicated in what is termed the A- and B-branch. Although ET is bidi-
rectional along the A- and B-branch, it has been demonstrated that ET in the
A-branch is highly preferred. This is thought to be due to the tuning of the
redox-potential of the ET cofactors by smartmatrix effects from the surrounding
protein environment. This research explores the electronic structure of the
primary electron acceptor A0 in the A-branch (A0A) through the use of two-
dimensional (2D) hyperfine sublevel correlation (HYSCORE) spectroscopy
in tandem with density functional theory calculations. The application of 2D
HYSCORE spectroscopy allows for the identification of the 14N atoms and pro-
tons that are magnetically interacting with the paramagnetic center of A0A
-. The
14N and 1H hyperfine parameters obtained here provide a direct measure of the
electron spin density distribution of A0
- in theA-branch of PSI. These are then be
compared with simulations of the electronic structure of the A-branch of Photo-
system I in order to better understand the mechanism of electron transfer from
P700 to the primary electron acceptor, A0A.
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Experimentally long-lived quantum coherences have been found in the Fenna-
Matthews-Olson (FMO) complex of green sulfur bacteria as well as in the
phycoerythrin 545 (PE545) photosynthetic antenna system of marine algae.
In the latter system the long-lived coherences are clearly visible also at ambient
temperatures. A combination of classical molecular dynamics simulations,
quantum chemistry and quantum dynamical calculations is employed to deter-
mine the excitation transfer dynamics in PE545. To be able to described the
excitation transfer and dephasing phenomena the spectral density is a property
a key importance. To this end a time series of the vertical excitation energies of
the individual pigments is determined. In a subsequent step. quantum dynam-
ical simulations are performed using the earlier QM/MM calculations as input .
Employing an ensemble-averaged classical path-based wave packet dynamics,
the excitation transfer dynamics between the different bilins in the PE545 com-
plex is determined and analyzed. Furthermore, the nature of the environmental
fluctuations determining the transfer dynamics is discussed.
[1] M. Aghtar, J. Stru¨mpfer, C. Olbrich, K. Schulten, and U. Kleinekatho¨fer, J.
Phys. Chem. Lett. 5, 3131-3137 (2014)
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We are developing synthetic peptides that non-covalently attach to natural
proteins, augmenting their properties and developing novel hybrid functional
materials. Using a set of hydrophobic-residue containing collagen-mimetic
peptides that self-assemble into nanodiscs, we aim to encapsulate membrane
proteins, increase protein hydrogel hydrophobicity, and create novel materials
using structural proteins. Preliminary results suggest nanodisc interactions with
the reaction center-light harvesting complex I (RC-LH1) could elucidate addi-
tional RC-LH1 structural and functional information, useful for the develop-
ment of next generation solar cells. Furthermore, electron micrographs of
nanodiscs embedded in collagen type I (COL I) hydrogels provide evidence
for the enhancement of hydrophobic properties of COL I, and the potential
for sequestering hydrophobic molecules for drug delivery. Lastly, nanodisc
induced assembly of the structural protein tropomyosin is explored with the
intent of enhancing the structural properties of COL I hydrogels.
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Severalmono and carboxylate-bridged diiron nuclear enzymes are critical in acti-
vating dioxygen in biological processes such as DNA synthesis, hydrocarbon
metabolism and cell proliferation1. Iron-containing enzymes such as cytochrome
P450, peroxidases, catalases and methane monooxygenase (MMO) have been
shown to activate dioxygen by using two electrons and protons to produce iron
(IV) oxo intermediates2. The remarkable efficiency of these enzymes is attributed
to formation of iron(IV) cations which serve as active oxidants in enzymatic re-
actions and can attack C-H bonds of a wide range of hydrocarbon substrates. It
is widely postulated that ferryl-oxo species are key intermediates in the mecha-
nism of cytochrome P450 and MMO. However due to the complexity of protein
environments in biological iron enzymatic systems, monitoring the structural
changes occurring during dioxygen activation is a complex undertaking.
This project serves to study the light driven activation of a well characterized
artificial analogue of an diiron MMO enzyme, (m-peroxo) (m-carboxylato) diir-
on(III) complex, [Fe2(m-O2)(N-EtHPTB)(m-PhCO2)]2þ in a chromophore/
diiron complex assembled unit. Such types of assemblies provide new avenues
for study of catalytic reaction mechanisms. They are promising examples of
artificial molecular systems leading to dioxygen activation as visible light is
efficiently absorbed at the chromophore, and light energy is in turn converted
into a chemical potential via an electron relay through charge accumulation
processes at the iron metal center. Formation of high valent iron peroxo species
have been shown by UV-Vis, EPR and Resonance Raman spectroscopy as well
as X-ray spectroscopic analysis. XANES and EXAFS revealed formation of an
iron peroxo and oxo species with shorter bond distances and different coordi-
nation numbers.
(1) Do, L. H.; Hayashi, T.; Moenne-Loccoz, P.; Lippard, S. J. J.Am.Chem.Soc.
2010, 132, 1273.
(2) Lawrence Que, J.; Y.N.Ho, R. Chem.Rev 1996, 96, 2607.
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Harvard University, Cambridge, MA, USA.DNA is a unique nanoscale material that enables the design and synthesis of
nanoscale structures of prescribed shape and functionality via programmable
self-assembly. Angstrom-level control over the location and orientation of pro-
grammed Watson-Crick basepairs offers the ability to scaffold and spatially
organize optically active materials to yield novel optical and photonic proper-
ties. Here, we present two distinct strategies for designing and synthesizing
DNA-based photonic materials, and emphasize the roles of computational
modeling in this process. First, we use computational modeling to design me-
chanically stiff nanoscale DNA ‘‘molds’’ that have user-specified three-dimen-
sional cavity with a nucleating gold seed, which grows in solution to fill and
replicate the cavity. We demonstrate the capability of producing nanoparticles
of various shapes and materials that exhibit plasmonic properties that are
consistent with electromagnetism simulations. In silico design of stiff molds
of nearly arbitrary geometric cavities with resulting optical properties that
are prescribed a priori enable a property-by-design framework for producing
inorganic particles with prescribed functional properties. Second, we use
DNA to program the scaffolding of chromophores into complex three-
dimensional assemblies, enabling controlled energy transfer at the nanoscale.
This strategy is inspired by nature, where cells use organized assemblies of
chromophores to capture photons and funnel the resulting excitons toward
the reaction center where they are converted to chemical energy. In particular,
the close-packing of chromophores results in the emergence of quantum coher-
ence that can strongly affect exciton transport across the structure. Using Fo¨r-
ster energy transfer modeling, as well as a hybrid molecular dynamics and
quantum mechanical approach, we demonstrate how emergent excitonic and
light-harvesting properties of diverse DNA-dye assemblies can be elucidated.
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Technology to convert Solar energy into fuel is being developed to search for
alternate energy sources. This includes electrochemical cells based on artificial
water splitting catalysts. By studying their water splitting mechanism we
can hope to optimize the energy conversion process and also learn more natural
water splitting complexes like Photosystem II. In this study, we analyzed two
reported single site Ruthenium based catalysts, [RuII(bpy)(tpy)H2O]
2þ and
[RuII(bpy)(tpy)Cl]þ. [RuII(bpy)(tpy)H2O]
2þ is a widely studied water splitting
catalyst for which [RuV(bpy)(tpy)¼ O]3þ has been detected as a rate limiting
intermediate. However, using EPR, we see that this intermediate is not present
when the sample is measured with CeIV in D2O or HNO3. Using, Ru-K edge
EXAFs, we also see that the Ru¼O distance measured after adding CeIV is
more consistent with its assignment as a [RuIV(bpy)(tpy)¼O]2þ intermediate
and not with RuV¼O.
Wealso found that [RuII(bpy)(tpy)Cl]þ is not a catalyst and that its oxidation past
RuIII is impeded by a lack of proton coupled electron transfer. Using L-edge and
K-edge XANES spectra, we show that the edge position of the [RuII(bpy)(tpy)
Cl]þ spectra is more consistent with the presence of [RuIII(bpy)(tpy)Cl]þ.
EXAFS analysis of [RuII(bpy)(tpy)Cl]þ also show shortening of the Ru-Cl
bond (2.41 A˚ to 2.34 A˚), implying a transition from RuII to RuIII. This is further
tested in an Oxygen evolution assay where the sample is incubated in H2O for
different time periods. We show that samples that are not incubated for long
times show no activity, hence implying that a Cl- to H2O ligand exchange is
necessary for [RuII(bpy)(tpy)Cl]þ to show catalytic activity. These studies
give us crucial insight into the water splitting mechanism of these catalysts.
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We report the optimization of a self-assembling artificial protein reaction center
capable of nearly quantitative charge separation with microsecond lifetimes us-
ing a phthalocyanine primary donor as well as a variety of natural and synthetic
electron donor and acceptor cofactors. We will further discuss the fusion of this
protein domain into a chimera with the diflavin domain of cytochrome P450,
with the intention of creating a single-chain protein capable of light-powered
NADH production. The goal is a single gene which can make any micro-
organism photosynthetic.
